Th ere exists a strong link between water security and food security. Both are aff ected by the water-soil-climate nexus, social and political confl icts, growing energy demand with emphasis on biofuels and the virtual water trade. Sustainable development necessitates research on site-specifi c and generic researchable issues on water resources and their management. In the context of food security, sustainable intensifi cation of rainfed and irrigated croplands needs technology for an effi cient conversion of blue water (rivers, lakes, ground water, and precipitation) into green water enhancing water use effi ciency (WUE) and decreasing losses. Th e problem of excessive groundwater depletion (Ogallala in the United States, Indo-Gangetic Plains, North China Plains) must be addressed. Improving desert farming is a high priority. Water quality, aff ected by agriculture and industrial runoff , can cause algal bloom and anoxia in surface water. Th e impact of soil degradation on water quantity needs site-specifi c research. Water governance and policy issues are specifi cally relevant in water-scarce regions and trans-boundary watersheds. Growing urbanization and industrial use requires costeff ective measures for safe use of gray water. Th e need for research focus on adaptation and mitigation of climate change, and managing the risks of extreme events cannot be overemphasized. Similar to soils, the fi nite world water resources must never be taken for granted.
Global renewable fresh water resources are fi nite, unequally distributed geographically, and prone to contamination, pollution and eutrophication. Th us, water security (Lal, 2015) is intricately and intrinsically linked to water quality and food security (Ringler et al., 2010; Hanjra and Qureshi, 2010; Mu and Khan, 2009; Aggarwal and Singh, 2010) . Food security cannot be achieved without achieving the water security and the vice versa.
Approximately 768 million people do not have access to safe drinking water (Niemeier et al., 2014) . In addition, water insecurity also aff ects and is aff ected by social and political confl icts (Gleick, 2014; Allouche, 2011) . It is oft en argued that the present confl ict in Syria may be linked to water security (Gleick, 2014) . Overall, 80% of the world's population is prone to high levels of threats to water security (Vörösmarty et al., 2010) . In this context, the growing globalization and trade have strong implications to confl icts in basins involving transboundary rivers (Sigman and Chang, 2010) .
Th e issue of water security and the related services may have intensive and strong manifestations in densely-populated regions such as South Asia (Biswas and Seetharam, 2008) , and in regions prone to long-term aridity changes such as the western United States (Cook et al., 2004) . In addition to food security, water scarcity may also aff ect and is aff ected by the growing energy demand. Th ere is a growing interest in biofuels because of adverse eff ects of fossil fuels on climate change and other environmental concerns. Yet, the water footprint of energy from biofuel is large (Gerbens-Leenes et al., 2009 ). In addition, growing trade in virtual water (chapter 1; Kumar and Singh, 2005) has strong implications both to exporting and importing countries. Trade in virtual water is an important consideration in the arid Middle East (Shuval, 2007) . In addition to increase in population-driven demands, threats to global water security may also be exacerbated by terrorism (Jones et al., 2009 ) civil strife and political instability.
Above all, the impact of changing and uncertain climate on water supply and demand cannot be ignored (Milly et al., 2008) , especially in emerging economics such as China (Mu and Khan, 2009 ) with growing energy demand. Th e strong water-energy-climate nexus has major implications for developing countries such as Mexico (Scott, 2011) and India (Lal, 2014a; Mostafa et al., 2012) .
Th us, the objective of this concluding article is to outline some research and development priorities in the context of water security for the 21st century.
are strong knowledge gaps which need to be filled through indepth understanding of basic processes involved.
Principal researchable priorities are schematically outlined in Fig. 1 .
1. Food and Agriculture: Increase in food production, by 70% between 2005 and 2050, has strong implications to water resources availability. Thus, future demands of food and agriculture must be prudently met (de Fraiture and Wichelns, 2010) . The strong link between global food security and water scarcity has important governance and policy implications (Rosegrant et al., 2002) . Global croplands presently covering ~1.5 billion hectares, must be managed through sustainable intensification without major conversion of natural (forest, savanna) ecosystems to agricultural lands. Thus, sustainable management of global cropland is important to water and food security in the 21st Century (Thenkabail, 2010 (Thenkabail, , 2012 . Specific issues to be addressed in sustainable intensification of croplands comprise a holistic approach, including the use of remote sensing . Rather than hydrocentricity (Brichieri-Colombi, 2004) , the overall strategy is to enhance water productivity (Zwart et al., 2010) by producing more crop per drop of water (Fig. 1) .
i. Rainfed Agriculture: Because of the scarcity of renewable fresh water resources, the potential of future expansion of agriculture is limited. Thus, strategy is to conserve soil-water on existing arable lands by reducing losses through runoff, deep seepage, weeds, and evaporation. There is a need for paradigm shift (Röckstrom et al., 2010) . More specifically, blue water (any water from rainfall that runoff or that moves below the root zone) must be managed within the specific landscape unit, through biological measures of soil and water conservation, enhancing water infiltration, and reducing losses by runoff and evaporation. ii. Irrigated Agriculture: Irrigation is important to enhancing agronomic productivity, and is based on the strategy of enhancing availability of water to crop by augmenting green water with blue (rivers, lakes, and ground water) and gray water. Presently about 20% of irrigated cropland produces 40% of agronomic output. However, water use efficiency (WUE) is low and modernization of irrigation systems is appropriate (Mehari et al., 2011) . Improvements in the WUE can be made by replacing flood irrigation with micro-irrigation including drip sub-irrigation and vapor condensation irrigation. The so-called "olla irrigation" has been used since time immemorial in inhospitable environments.It involves use of permeable containers (ceramic pots) buried in soil and filled with water to supply water to roots of the plants grown around these pots (e.g., tomato, Lycopersicon esculentum Mill.). There is a severe problem of groundwater depletion in Northwest India (Rodell et al., 2009; Kerr, 2009; Chen et al., 2014) , Ogallala aquifer in the United States (Rai and Singh, 2012) and in the North China Plains (Zhang et al., 2015; Lal, 2014b) . Thus, there is a strong need for research on judicious and sustainable use of the ground water (Gleick and Palaniappan, 2010) . Rather than the sole focus on modern irrigation (e.g., a systems of dams, weirs, and perennial canals), there is also a scope for building on the traditional methods of irrigation. Indigenous practices are based on groundwater recharge and retrieval, which enhances adaptive capacity through the local initiatives involving community (Rosin, 1993) . The so called " haveli system" of water ponding on Vertisols in central India during the monsoon periods to recharge soil profile and the ground water reserves is another traditional system of sustainable management of water resources based on traditional knowledge.
2. Water Productivity: There are numerous global challenges in sustainable water management (Madramootoo et al., 2008) , including low productivity. Sustainable intensification is synonymous with improving water productivity, producing more crop per drop of water. Indeed, the best Fig. 1 . A holistic approach water security through research in specific themes such as food, energy, gray water, and exploring nonconventional sources.
strategy of coping with water scarcity is water saving and increasing water productivity (Hamdy et al., 2003) . One specific case of low water productivity is that of flooded rice (Oryza sativa L.) paddy. Thus, it is important to develop strategies of producing more rice with less water consumption (Farooq et al., 2009 unconventional sources of water is a high researchable priority. Saline agriculture is a viable option for regions of marginal climate (arid, hot) and water (saline) resources ( Jaradat, 2005) . Agriculture in Israel is a global success story because of the unconventional sources and innovative methods of using water. Utilization of non-conventional water resources is also critical to advancing food security (Qadir et al., 2007) . Gray water, or wastewater, is another unconventional source, which is also enriched in plant nutrients from human waste. Adaptation to climate change implies managing the risks of extreme events (IPCC, 2012) , and fresh water variability (Hall et al., 2014) . Treatment of wastewater (i.e., biorefinery waste) requires microbial process for purification. Dual-purpose microalgae-bacteria-based systems have been used to treat the wastewater (Olguin, 2012) . Both saline and wastewater, with appropriate technology, can be used for irrigation. 5. Climate Change and Water Security: Climate change may adversely affect availability of renewable/fresh water resources. Thus, adaptation and vulnerability oh human systems is a high researchable priority (Smit and Wandel, 2006) . Adaptation to climate change implies managing the risks of extreme events (IPCC, 2012) , and fresh water variability (Hall et al. (2014) . In integrated systems, groundwater recharge may also be sensitive to climate change and CO 2 enrichment (Ficklin et al., 2010) , which must be addressed through appropriate research. 6. Policy Issues: Water security, especially in the context of water-food-energy-climate nexus, is a global issue of a high researchable priority. Similarly, the population-energy-climate nexus requires immediate policy interventions (Holechek, 2013) . Thus, there is a strong need for a science-policy dialogue (Fig. 2) to comprehensively address the vulnerability and adaptation to climate change, especially in the dry/arid regions (Scott, 2012; Smit and Wandel, 2006) . Policy interventions are also needed toward water security for growth and development (Grey and Sadoff, 2007) . 7. Soil Degradation: Soil degradation and water management are intricately linked, especially the processes of salinization, erosion, desertification, etc. The strategy of Zero Net Land Degradation proposed by UNCCD can only be implemented if water resources are judiciously used to restore degraded lands and to prevent new land degradation. Indeed, managing water by managing land (Bossio et al., 2010 ) is a win-win option. 8. Innovations in Measurement of Water Quality: Using many sensors and probes to measure water quality is prohibitively expensive, especially for small landholders in developing countries of the tropics and subtropics. Thus, developing simple and inexpensive methods that small landholders can use is a high priority (e.g., a turbiditybased meter; Card, 2014) . Both policy and effective management depend on ability to quantitatively measure and monitor water insecurity. Quantification of uncertainties is important to adaptation decisions and risk management (Hall et al., 2014) . The science-based approach of quantification is also important to identify the tolerable level of water-related risk at community, region, nation, and global scale (Grey et al., 2013) . The science-based approach is also essential to formulate a multidisciplinary approach to the complex issue. Predicting/modeling change in the level of Upper Great Lakes is also important to assessing the potential risks to stake holders (Moody and Brown, 2012) . Thus, analytical tools are needed for prioritizing policy and management responses to water insecurity (Vörösmarty et al., 2010) . 9. Restoring Water Bodies: Excessive and inappropriate use of lakes for irrigation, along with climate change and severe droughts, has lead to shrinkage of natural lakes and water bodies (e.g., Lake Chad, Aral Sea) adversely affecting numerous ecosystem services (e.g., fishing, wildlife habitat). Inappropriate irrigation of cotton (Gossypium hirsutum L.) in Central Asia during the 1970s and 1980s adversely affected two major tributaries of the Aral Sea, which was once the world's fourth largest lake. Restoring these natural water bodies is important to ecosystem functions. 10. Biofuels: Establishment of oil palm plantations in southeastern Asia is affecting ecosystem C and H 2 O budget and water quality. Restoring stream, water quality, and reducing water footprint of biofuel are important issues. 11. Land Use Change and Water Availability: Rapid land use change, for urbanization and industrial uses, is also affecting the hydrological cycle and availability of water. Modeling and other techniques are needed to predict changes in the hydrological cycle by rapid urbanization such as in China (Khadka, 2013; Khadka et al., 2013) . 12. Rainwater Harvesting: Harvesting of rainwater can be useful to improving access to safe water for drinking in rural communities (Brooks, 2014) , and increases water resources for supplemental irrigation. Despite the use of this technique for millennia, technological innovations are needed to improve efficiency and quality. 13. Desert Farming: Almost one-third of the land on Earth is desert or semi-desert receiving <50 cm of rainfall per annum. Thus, learning how to efficiently use the sparse rain has challenged the humanity for millennia. However, desert farming will be increasingly more relevant in the future than ever before because of increase in demand and the changing/uncertain climate. The strategy is to learn how to grow food in a hotter and drier soil (Nabhan, 2013) . Severe weather led to fallowing (not cropping) of 15,600 ha in California during 2014 (Watt, 2014) . It is important to draw/build on historical/botanical (species adaptation/ evolution success stories to create efficient agro-ecosystems through biomimicry (e.g., using nurse trees to improve micro-environments). 14. Water Governance: Management of water extraction and outflow from a basin is integral to an effective governance. The latter is also important toward meaningful adaptation to extreme events. The problem of reduced flow, being the principal cause of water scarcity downstream, can be managed by an effective governance of water extraction (Grafton et al., 2012) . Thus, there is a need to identify and develop systems of effective governance with participation of all stakeholders. 15. Water Pollution: Runoff of plant nutrients (e.g., N, P) impairs water quality and is also a major cause of anoxic of coastal water. Algal bloom (Fig. 3) caused by transport of plant nutrients in surface runoff and drainage water into Great Lakes created problems for drinking water for residents of Toledo, OH, in 2014. The NO -3 -contamination of ground water is another issue which must be addressed in regions of intensive agricultural land use. Nitrate contamination of ground water is presently an issue in the irrigated areas of High Plains and also recently in the Central Valley of California.
conclusions
Fresh renewable water resources are finite, and prone to contamination and eutrophication. Water scarcity is already a major concern, and the trade in virtual water is increasing. Thus, research and development priorities include the following:
• ·dentify technological options to increase the green water storage in soil and improve its productivity and the WUE, • Develop strategies of purification and safe use of the gray water, • Reduce export of virtual water by countries with low endowments in green and blue water, • Study mechanisms underlying plant-response to drought stress, • Improve water use in crop/agricultural production, and produce more crop per drop especially in rain fed agriculture, • Improve season and inter-annual climate forecasting and minimize effects of drought and heat stress, • Establish societal value of blue and green water. Users of blue water for supplemental irrigation and other purposes should pay a fair price to minimize the wastage and avoid tragedy of the commons, • Develop technologies for cost-effective desalinization to brackish water, • Identify land use and plant/soil/livestock management systems which enhance use efficiency and reduce waste.
